Drosophila and mammals regulate mRNA localization, translation, and decay. We report analysis of Staufen in Caenorhabditis elegans, which we have designated STAU-1. We focus on its biochemical properties, mRNA targets, and possible role in RNAi. We show that STAU-1 is expressed as mRNA and protein at all stages of C. elegans development. The wild-type, full-length protein, purified from bacteria, binds duplex RNA with high affinity in vitro. Purified, mutant proteins lacking single dsRBDs still bind RNA efficiently, demonstrating that no single domain is required for binding to duplex RNA (although dsRBD2 could not be tested). STAU-1 mRNA targets were identified via immunoprecipitation with specific anti-STAU-1 antibodies, followed by microarray analysis (RIP-Chip). These studies define a set of 418 likely STAU-1 mRNA targets. Finally, we demonstrate that stau-1 mutants enhance exogenous RNAi and that stau-1;eri-1 double mutants exhibit sterility and synthetic germ line defects.
mutants in Drosophila. Staufen mutants exhibit multiple embryonic defects, including an absence of pole cells, abdomen reduction, and head deformation (30, 31) . These defects are caused, at least in part, by mislocalization of mRNAs, such as oskar and bicoid, in the developing oocyte and embryo (32, 33) . Staufen is also required for efficient localization of prospero mRNA during the formation of neuroblasts (10, 34) . Staufen associates with the bicoid and prospero 3Ј-untranslated regions (UTR) in vivo. Staufen-mediated localization and binding to bicoid mRNA require a highly structured region in the bicoid 3Ј-UTR (33, 35, 36) . Staufen is also required to derepress mRNAs after localization, implying additional functions in mRNA control (4) .
Mammals possess two Staufen homologs, STAU1 and STAU2. Both proteins are present in neurons and located in ribonucleoprotein particles in dendrites (37) (38) (39) . Staufen may facilitate transport of these particles to enable local translation at synapses (40, 41) . The identity of Staufen mRNA targets in dendrites is not clear, but immunoprecipitation coupled with microarray analysis (RIP-Chip) identified candidate Staufen targets in cultured mammalian cells. In these experiments, STAU1 and STAU2 proteins were overexpressed in HEK293T cells, and thousands of transcripts were found to be associated with each protein (42) . In addition, mammalian STAU1 promotes mRNA degradation by recruiting the nonsense-mediated decay factor, Upf1 (5) . Together, the results with Drosophila and mammalian proteins thus imply functions in localization, translation, and decay.
Here, we identify and characterize the Caenorhabditis elegans homolog of Staufen, STAU-1. We purified full-length and mutant versions of STAU-1 protein and showed that all proteins bound dsRNA with high affinity. Mutant proteins lacking single dsRBDs that are otherwise full-length, still bind well, implying that no single domain is required for high affinity RNA interactions (although dsRBD2 could not be tested). Using STAU-1-specific peptide antibodies and RIP-Chip, we identify mRNA targets of endogenous STAU-1 protein. These STAU-1-associated mRNAs are diverse in function and show modest overlap with those identified in cultured mammalian cells. In addition, stau-1 genetic mutants display enhanced RNAi phenotypes after exposure to dsRNA, and stau-1;eri-1 double mutants have synthetic germ line defects that cause partial sterility.
EXPERIMENTAL PROCEDURES
Nematode Strains-N2 Bristol served as wild-type. All strains were grown at 20°C on either NGM plates or S-basal liquid culture (see the WormBook Web site). None of the strains contained the mut-16 mutation, which is present in many "wildtype" C. elegans backgrounds (43) . The stau-1(q798) mutant was isolated from a deletion library generated by EMS mutagenesis (courtesy of the Barr laboratory). The library was screened by PCR using stau-1-specific primers. Positive pools were subdivided until the mutation was recovered in single animals (sib-selection). Progeny of individual animals carrying the mutation were further screened using multiplex PCR to identify homozygotes. stau-1(q798) deletes 1,384 bp of genomic sequence (beginning from the start codon, positions 4824 -6207 are deleted) and removes exons 7 and 8 (strain ID JK4608). stau-1(tm2266) deletes 383 bp of genomic sequence (beginning from the start codon, position 4077-4459 is deleted) and spans from the middle of exon 5 to the middle of exon 6 (strain ID JK4607).
Analysis of Staufen mRNA-Total RNA was extracted from wild-type mixed stage worms using TriReagent (Sigma) and standard techniques. mRNA was isolated from total RNA using the PolyATract mRNA isolation system (Promega) and used for 5Ј-and 3Ј-rapid amplification of cDNA ends (RACE) via the FirstChoice RLM-RACE kit (Ambion). RACE PCR products were cloned into pCR II-TOPO vector (Invitrogen) and sequenced. The exon and intron boundaries for stau-1, F55A4.4, and F39E9.7 were verified by RT-PCR (see below). See supplemental Fig. S1 for additional sequence information.
Yeast Three-hybrid Assay-Full-length stau-1 cDNA was cloned into pGADT7 (44) using the NdeI and XhoI sites (plasmid JB005). A random sequence generator (available on the University of California, Riverside, Web site) was used to create 23-bp dsRNAs (DS1-DS4). DNA oligonucleotides (see supplemental Table S2 ) corresponding to the dsRNA were cloned into the XmaI and SphI sites of pIIIa MS2-2 (DS1, plasmid JB029; DS2, plasmid JB030; DS3, plasmid JB031; DS4, plasmid JB026) as described previously (45) .
The three-hybrid assay was performed using the YBZ-1 yeast strain, as described previously (45) . RNA-protein interactions were assayed using the Beta-Glo System (Promega).
Protein Purification-Full-length stau-1 cDNAs (wild-type or mutant) were cloned into a modified pGEX-4T-1 vector (GE Healthcare; wild-type, plasmid JB046; ⌬dsRBD1, plasmid JB047; ⌬dsRBD2, plasmid JB048; ⌬dsRBD3, plasmid JB049; ⌬dsRBD4, plasmid JB050; ⌬dsRBD5, plasmid JB051), such that a His 6 tag is at the C terminus (gift from the Kimble laboratory). All constructs were cloned into the vector using XmaI and XhoI. Proteins were induced in BL21 (gold) cells (Stratagene) with 1 mM IPTG overnight at 16°C. Cells were lysed in buffer (1ϫ PBS, 10% glycerol, 20 mM imidazole, 0.5% Triton X-100, 300 mM NaCl, Complete protease inhibitors EDTA-free (Roche Applied Science), final pH 8.0), and proteins were bound to nickel resin (Qiagen) at 4°C. Protein was eluted from resin with elution buffer (1ϫ PBS, 30% glycerol, 250 mM Imidazole, final pH 8.0). The protein was further purified by binding to glutathione-Sepharose resin (Amersham Biosciences) in the presence of buffer (20 mM HEPES-KOH, pH 7.4, 0.5 M NaCl, 5 mM DTT, 0.02% Tween 20) at 4°C. The final sample was recovered from the resin with elution buffer (1ϫ PBS, 30% glycerol, 50 mM glutathione, final pH 8.0).
Electrophoretic Mobility Shift Assay (EMSA)-Random sequence 3 dsRNA (DS3) was in vitro transcribed from DNA oligonucleotides using the MEGAscript T3 transcription kit (Ambion) and treated with alkaline phosphatase. The singlestranded RNA consisted of 23 nucleotides corresponding to one side of random sequence 3 (Dharmacon). All RNA was 32 P-end-labeled using T4 kinase. 2 fmol of RNA was combined with various protein concentrations (dsRNA was denatured and allowed to cool at room temperature for 30 min prior to incubation) in 10 mM HEPES (pH 7.4), 1 mM EDTA, 50 mM KCl, 2 mM DTT, 0.01% Tween 20, 0.1 mg/ml BSA, 10 units of RNase inhibitor, and 10 ng of yeast total RNA. Binding reactions were incubated for 30 min at room temperature in a total volume of 10 l. Sample buffer (6% glycerol, 0.06% bromphenol blue) was added to the reactions prior to loading on a prerun 5% Tris borate-EDTA-polyacrylamide gel (Bio-Rad). Samples were resolved on the gel for 35 min, 100 V at 4°C and then exposed to a phosphorimager screen. Quantitation was performed on three replicas using ImageQuant (Amersham Biosciences) and GraphPad Prism 4 software. Antibody supershift EMSAs using purified STAU-1 were conducted as above with minor modifications. The two primary differences were the source of the RNA (commercially synthesized (IDT)) and the concentration of BSA in the binding reaction (increased 5-fold to 0.5 mg/ml). The concentration of STAU-1 was fixed at 50 nM. After the binding reaction was allowed to proceed, 1 g of ␣-STAU-1 antibody was incubated with the reaction for 10 min at room temperature prior to electrophoresis for 45 min.
In Vitro Analysis of RNA Binding Specificity by in Vitro Selection, High Throughput Sequencing of RNA (SEQRS)-Fulllength STAU-1 was purified as described using high capacity magnetic GST-agarose beads (Sigma-Aldrich) (46) . Aliquots of protein were stored in 1ϫ SEQRS buffer (50 mM Tris-HCl, pH 8, 0.1 mM MgCl 2 , 150 mM NaCl, 0.1% Nonidet P-40) containing 20% glycerol prior to flash freezing and storage at Ϫ80°C. The SEQRS experiment was performed as described with minor modifications (47) . Briefly, the initial libraries were transcribed from 1 g of input dsDNA using the AmpliScribe T7-flash transcription kit (Epicenter). The reaction was treated with RNasefree DNase and purified using the GeneJET RNA purification kit (Fermentas). 150 ng of the purified RNA was added to 50Ϫ100 nmol of fusion protein corresponding to FBF-2, GST, or STAU-1 in a total volume of 100 l. The samples were incubated for 30 min at ambient temperature prior to capture of the beads containing protein-RNA complexes via a 96-well magnetic block. The beads were washed four times with 200 l of ice-cold SEQRS buffer. After the final wash step, the resin was resuspended in elution buffer (1 mM Tris, pH 8.0) containing 10 pmol of the reverse transcription primer. Samples were heated to 65°C for 10 min and then cooled on ice. A 5-l aliquot of the sample was added to a 10-l ImProm-II reverse transcription reaction (Promega). The resulting ssDNA was used as a template for PCR. Prior to sequencing, the final PCR product was gel-purified following polyacrylamide gel electrophoresis. Approximately equal amounts of bar-coded DNA were combined based on individual concentrations determined by Quant-iT PicoGreen fluorescence assays (Invitrogen). After pooling samples, 3 pmol of DNA was sequenced on an Illumina HiSeq 2000 instrument using a custom primer. Sequences containing a bar code were identified using a custom MATLAB script (MathWorks). All measurements were normalized to account for differences in coupling efficiency during DNA synthesis.
Generation of STAU-1 Antibody-Rabbits were injected with peptide corresponding to amino acids 500 -521 of STAU-1. Antibodies were purified using SulfoLink resin (Pierce) coupled to the same STAU-1 peptide used for antibody production. To determine antibody specificity, wild-type, stau-1(q798), and stau-1(tm2266) mixed stage worms were resuspended in HB(A) buffer (50 mM HEPES, pH 7.6, 10 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM EGTA, Complete protease inhibitors EDTA-free (Roche Applied Science), and 1 mM DTT), lysed using a mortar and pestle, and then homogenized. Lysate was then clarified by centrifugation, and the supernatant was dialyzed against HB(D) buffer (50 mM HEPES, pH 7.6, 10 mM KCl, 100 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 20% glycerol, 1 mM DTT). 20 g of total protein for each strain was loaded on a 4 -12% SDS gel, transferred to Immobilon-P membrane (Millipore), and incubated with purified STAU-1 antibody using standard Western techniques.
Isolation of Developmental Stages for qRT-PCR and Western Analysis-Wild-type gravid adults were digested with hypochlorite to release embryos. Embryos were allowed to hatch in S-basal liquid culture and grown at 20°C. Each stage was harvested and used for subsequent analysis. Stages were verified based on germ line and vulval development visualized using a differential interference contrast microscope.
Immunoprecipitations-Wild-type and stau-1(q798) adults were resuspended in lysis buffer (50 mM Tris-Cl, pH 8, 150 mM NaCl, 3 mM DTT, 2 mM EDTA, 0.1% Nonidet P-40, 100 units/ml RNase inhibitor, and protease inhibitors (Roche Applied Science)) and lysed using sonication. Insoluble material was removed by spinning two times at 10,000 ϫ g for 10 min at 4°C. Lysate was precleared with protein A-Sepharose (Sigma) for 1 h at 4°C. 6 mg of precleared extract was incubated with 20 g of antibody (␣-STAU-1 antibody or purified preimmune)/ protein A-Sepharose for 2 h at 4°C while rotating. Protein A beads were then washed with 5 ml of lysis buffer, followed by four more washes with 1 ml of wash buffer (same as lysis buffer but without protease inhibitors and containing 10 units/ml RNase inhibitor). All washes were done at 4°C for 10 min while rotating. 10% of the beads were resuspended in 2ϫ SDS sample buffer and boiled at 95°C for 5 min for Western analysis. The remaining beads were used for RNA extraction using TriReagent (Sigma). RNA was further purified using RNeasy Minelute columns (Qiagen). RNA quality of all samples was determined using a BioAnalyzer 2100 instrument (Agilent).
Microarrays-Preparation of RNA samples and hybridization to chips was performed by the University of WisconsinMadison Gene Expression Center. RNA samples were linearly amplified and biotin-labeled using the MessageAmp Premier RNA amplification kit (Ambion).
For IP samples, all of the amplified RNA for each sample was fragmented and hybridized to GeneChip C. elegans genome arrays (Affymetrix), which represent 22,500 transcripts, for each of three biological replicas. Each array was scaled according to control AFFX probe sets using the GeneChip Operating Software version 1.4 (Affymetrix) with a target intensity ϭ 5,000. Data were filtered for probe sets called "present" in two of three wild-type ␣-STAU-1 IP samples. Filtered data were exported to Excel (Microsoft), log 2 -transformed, and mean-scaled within the sample replica. Differential enrichment between IP samples was determined using two-class paired significance analysis of microarrays (SAM) using the default number of permutations.
RT-PCR/qRT-PCR-Reverse transcription was carried out using random primers and Improm-II reverse transcriptase (Promega) using standard methods. cDNA was amplified using GoTaq Green Master Mix (Promega) and gene-specific primers. All primers crossed exon-exon boundaries to specifically amplify cDNA and not genomic DNA.
For qRT-PCR, reverse transcription was performed using random primers and Superscript II reverse transcriptase (Invitrogen). The TaqMan gene expression system (Applied Biosystems) was used for quantification of specific transcripts. TaqMan gene expression assays and Gene Expression Master Mix were used in a 7500 Fast Real-Time PCR machine. ama-1 and rps-25 were used as endogenous controls for normalization. Data were analyzed using the ⌬⌬C T method (48) . The following TaqMan assays were used: stau-1, Ce02491535_ml; ama-1, Ce02462726_ml; rps-25, Ce02464216_g1; unc-70, Ce02476754_m1; cyd-1, Ce02440641_m1; vab-3, Ce02499957 m1; pha-4, Ce02490534_m1.
Bioinformatics-Serial Analysis of Gene Expression (SAGE) data were obtained from the British Columbia C. elegans Gene Expression Consortium. Gene ontology classification was acquired using the Database for Annotation, Visualization, and Integrated Discovery (DAVID). Human homologs for C. elegans STAU-1 targets were identified using the Lund laboratory (University of Kentucky) microarray data set tools. C. elegans 3Ј-UTR sequences were downloaded from Biomart version WS220. Gibbs free energy values for 3Ј-UTRs were determined from predicted structures with the Mfold Quikfold application using energy rules RNA (version 3.0).
Scoring of Transgene Suppression-stau-1(q798) and stau-1(tm2266) males were mated to qIs43 hermaphrodites. Strains were constructed such that F3 generation animals all contained the qIs43 transgene but were homozygous, heterozygous, or wild-type for the stau-1 mutation. F3 animals were singled onto plates and allowed to lay progeny and then removed and genotyped via PCR. Animals in the F4 generation were scored blindly based on their roller phenotype. We confirmed with PCR using primers specific to the transgene that non-roller and roller animals carried the transgene.
Enhancer of RNAi (Eri) Assay-Embryos for each strain were hatched on feeding RNAi plates (1 mM IPTG, 60 g/ml carbenicillin, 50 g/ml tetracycline) containing HT115 bacteria expressing dpy-13 or lir-1 dsRNA (constructs courtesy of the Kennedy laboratory). RNAi conditions were as described previously (49) . Phenotypes were scored 5 days after exposure to RNAi as adults.
RESULTS

stau-1 Is a Staufen
Homolog-The C. elegans genome encodes three genes related in sequence and architecture to Drosophila Staufen: F55A4.5 (hereafter stau-1), F55A4.4, and F39E9.7 (Fig. 1A) . We found that all three genes generate RNAs detectable via RT-PCR (see supplemental Fig. S1 for sequences). To identify the 5Ј-and 3Ј-ends of the three transcripts, we performed 5Ј-and 3Ј-RACE. Both F55A4.4 and F39E9.7 contain early stop codons (Fig. 1A ). These two genes are very similar at the nucleotide level (96% identical over 491 bp of genomic sequence, 46% identical overall), suggesting that they may have arisen from a recent gene duplication event. F55A4.4 and F39E9.7 generate endogenous siRNAs (43, 50, 51) . In sum, F55A4.4 and F39E9.7 appear to be pseudogenes. The remaining Staufen-related gene, stau-1 (F55A4.5), does not contain a premature termination codon, does not generate endogenous siRNAs, and possesses the biochemical characteristics of a Staufen protein (see below). We therefore consider STAU-1 to be the single Staufen homolog in C. elegans.
The domain structure of STAU-1 protein is similar to that of Drosophila Staufen (Fig. 1B) . Both the C. elegans and Drosophila The percentage of identity and similarity is only shown for the second half of domain 2, because there was little similarity for the first half of domain 2. C, a partial phylogenetic tree of Staufen homologs in different species. Full-length protein sequences from selected species were aligned using ClustalW. A phylogenetic tree based on the alignment was generated using the Phylip software package version 3.68.
proteins contain five dsRBDs (7) . Each of the STAU-1 dsRBDs is most similar to the corresponding domain in the other protein, as in other Staufens (Fig. 1B) (4) . This supports the idea that each dsRBD has a distinct, conserved role. The C. elegans and Drosophila Staufens are unrelated in sequence outside the dsRBDs, with the exception of a proline-rich domain that interrupts dsRBD2. Over their entire lengths, the two proteins are only 26% identical, whereas the STAU-1 proteins of C. elegans and Caenorhabditis briggsae are 66.5% identical (Fig. 1C) .
STAU-1 Binds Double-stranded RNA-To determine whether STAU-1 binds dsRNA, we utilized the yeast three-hybrid assay. A fusion protein composed of full-length STAU-1 and the Gal4 activation domain was expressed in yeast, together with a hybrid RNA consisting of a randomly generated sequence that forms a 23-bp stem ( Fig. 2A) . Binding of the STAU-1/Gal4 activation domain fusion protein to the RNA was expected to yield activation of a LacZ reporter; levels of ␤-galactosidase are well correlated with the affinity of protein-RNA interactions (45) . Four dsRNAs (DS1-DS4), each with the same structure but a different sequence, were analyzed. STAU-1 bound all four 23-bp stems, and the affinities appeared comparable despite the fact that the sequences were unrelated (Fig. 2B) . These results are consistent with other reports of Staufen binding dsRNA nonspecifically but with high affinity in vitro (12) .
We next purified full-length STAU-1 protein containing a GST and His 6 tag (supplemental Fig. S2 ) and tested its binding biochemically to labeled RNAs in vitro. Bacterially expressed STAU-1 protein was first tested with DS3, a dsRNA that had been used in the three-hybrid assays. In electrophoretic mobility shift assays, STAU-1 bound DS3 with an apparent K d of 16 nM (Fig. 2C) , similar to the affinity of full-length human Staufen for dsRNA (K d ϭ 10 nM) (52) . We also tested STAU-1 binding to single-stranded RNA that corresponded to one or the other side of the DS3 stem to determine whether the protein is specific for RNA secondary structure. STAU-1 bound 10-fold more weakly to the single-stranded RNA compared with the intact DS3 dsRNA ( Fig. 2C and supplemental Fig. S3 ). (These experiments included EDTA and yeast tRNA to increase resolution, so binding affinities are not exact but still reflect relative affinities.) We confirmed binding of STAU-1 to dsRNA using antibody supershift assays (Fig. 2D ). Both STAU-1 and a mutant of STAU-1 (⌬dsRBD4) bound the 32 P-labeled dsRNA (DS3 from Fig. 2B ), resulting in slower migrating STAU-1⅐RNA complexes. The mutant protein lacks the target epitope recognized by the ␣-STAU-1 antibody (see Fig. 3A ). In the presence of the antibody, the STAU-1⅐RNA complex migrated more slowly in samples containing the wild-type but not the mutant STAU-1 protein. The appearance of this "supershifted" species only with wild-type STAU-1 strongly suggests that STAU-1 (and not a contaminant in the preparation) is associated with the dsRNA. We conclude that STAU-1 binds tightly and preferentially to dsRNA.
STAU-1 Preferentially Binds Highly Structured RNAs in Vitro-
To further characterize the binding specificity of STAU-1, we used a method termed SEQRS (in vitro selection, high throughput sequencing of RNA) (47) . In this method, reiterated rounds of selection from RNA pools are followed by deep sequencing. The number of reads obtained correlates with independent measures of binding affinity (i.e. electrophoretic mobility shift and yeast three-hybrid assays) (47) .
The starting material for our experiments consisted of DNA oligonucleotides, encoding five different structured RNAs with different length stems and five nucleotide loops, together with a mixture of random 20-mer sequences. The five structured RNAs varied in stem length from 4 to 10 base pairs and in ⌬G from Ϫ2 to Ϫ14 kcal/mol. After transcription using T7 RNA polymerase, the resulting pool of RNAs was incubated with purified full-length STAU-1 protein immobilized on magnetic resin. After repeated washing, bound RNAs were thermally eluted and converted into double-stranded DNA using reverse transcription followed by PCR. This enrichment procedure was repeated for five cycles. The final pool was submitted for high throughput sequencing, and the relative amounts of each sequence were calculated.
Two separate preparations of STAU-1 protein enriched structured RNAs ( Fig. 2E ; the two preparations are referred to as STAU-1a and -1b). The enrichment of the structured RNAs correlated with the predicted stability of the RNA. Enrichment was specific for STAU-1 protein, because it was not observed with GST alone.
To determine whether STAU-1 bound specifically to singlestranded RNAs, we examined enrichment of the most abundant 8-mer sequences in each sample (Fig. 2F ). All possible 8-mer sequences were extracted from the 20-mer data and sorted in order of frequency. As a control, we used C. elegans FBF-2, a protein known to bind single-stranded RNAs sequence-specifically. In two experiments using FBF-2, the most abundant 8-mers were well correlated, as expected, and reflected the protein's known binding site (R 2 ϭ 0.931 (47)). In contrast, no such correlation was seen with STAU-1 (R 2 ϭ 0.03). These data demonstrate that STAU-1 fails to bind singlestranded RNA in a reproducible, sequence-specific manner. However, it does bind double-stranded RNAs, with affinities that increase progressively with the stability of the stem.
Single dsRBDs Are Not Essential for Binding Double-stranded RNA-To determine whether any single STAU-1 dsRBD is essential for binding dsRNA, mutant proteins containing a GST and His 6 tag were purified and tested with DS3 RNA in electro-FIGURE 2. STAU-1 binds double-stranded RNA. A, schematic for the yeast three-hybrid system. Full-length STAU-1 was fused to the Gal4 activation domain. An RNA hybrid was constructed between MS2 RNA and a double-stranded RNA stem-loop (DS1-DS4). STAU-1 binding to the double-stranded RNA stem-loop causes the Gal4 activation domain to come into close proximity to the LexA DNA binding domain, resulting in LacZ reporter expression. LacZ reporter expression indirectly measures the binding affinity of a protein for RNA but has been confirmed to directly correlate with the K d (45) . B, yeast three-hybrid results with full-length STAU-1 and double-stranded RNA stem-loops consisting of the same structure but possessing different RNA sequences (DS1-DS4). STAU-1 and empty vector (which contained no insert) served as a negative control. FBF protein and the FBE RNA served as a positive control. C, electrophoretic mobility shift assays with full-length STAU-1 and DS3 double-stranded RNA (top) or STAU-1 and single-stranded RNA (ssRNA1) consisting of the same sequence as one side of DS3 (middle). Binding curves (bottom) of STAU-1 affinity for double-stranded RNA and ssRNA1 indicate that STAU-1 binds double-stranded RNA with higher affinity (K d ϭ 16 Ϯ 1.2) than single-stranded RNA (K d ϭ 160 Ϯ 35). D, supershift assays with DS3 double-stranded RNA and STAU-1 or ⌬dsRBD4 protein. The ⌬dsRBD4 protein served as a negative control because it lacks the epitope recognized by the ␣-STAU-1 antibody. Two to three replicates of each experiment are shown. The STAU-1 protein preparations used here exhibited an A 260 /A 280 ratio of 0.50 (wild-type) and 0.52 (⌬dsRBD4), indicating that they were largely free of nucleic acids. E, analysis of STAU-1 specificity for RNA structure in vitro. The binding of full-length STAU-1 to double-stranded RNAs of variable sequence was determined following five rounds of selection using the SEQRS method (47) . In these experiments, the number of reads correlates with binding affinity. Two preparations of STAU-1 (referred to as STAU-1a and -1b) enriched for structured RNAs of increasing stability; GST alone did not. RNA stability was calculated using the Vienna RNA structure algorithm (72) . F, STAU-1 does not preferentially enrich for a single-stranded RNA motif. Following five rounds of selection, all possible 8-mer sequences were extracted from the library of random 20-mer sequences and compared across replicates. The 300 most abundant sequences were compared for STAU-1 and C. elegans FBF-2 (which binds single-stranded RNA in a sequence-specific manner, serving as a positive control). Enrichment was highly reproducible for FBF-2 (R 2 ϭ 0.931) but not for STAU-1 (R 2 ϭ 0.03). G, mutant versions of STAU-1, in which one double-stranded RNA-binding domain was deleted, were tested in electrophoretic mobility shift assays with DS3 double-stranded RNA. Boundaries of the deletions were designed based on the predicted extents of the dsRBDs as determined from protein alignments with Drosophila Staufen. For dsRBD2 and dsRBD4, the deletions corresponded to C. elegans mutants that delete each domain in the endogenous protein; these deletions remove all of the dsRBD plus small segments to either side. The dsRBD2 deletion mutant (⌬dsRBD2) could not be tested due to protein aggregation. Error bars, S.D.
phoretic mobility shift assays. We purified recombinant versions of STAU-1 mutant proteins, each with a single dsRBD deleted (supplemental Fig. S2 ). (⌬dsRBD2 protein was prone to aggregation and therefore was not pursued.) Each mutant protein bound DS3 dsRNA (Fig. 2G) . ⌬dsRBD3, -4, and -5 proteins bound with similar affinity as wild-type; only ⌬dsRBD1 had a weaker affinity for the dsRNA, implying that it might contribute preferentially to RNA binding (Fig. 2G) . However, we conclude that no single dsRBD is required for binding (although dsRBD2 could not be tested) and suggest that at least two STAU-1 dsRBDs normally bind dsRNA. These are the first tests of the binding properties of domain deletions in full-length Staufen protein.
Attempts to Examine the Biological Role of STAU-1-To
attempt to examine the biological role of STAU-1, we first isolated and analyzed two genetic mutants that contain stau-1 deletions. The stau-1(tm2266) mutant contains an in-frame deletion that removes dsRBD2, and stau-1(q798) contains an in-frame deletion that removes dsRBD4 (Fig. 3A) . Henceforth, stau-1(tm2266) is referred to as stau-1(⌬dsRBD2), and stau-1(q798) is referred to as stau-1(⌬dsRBD4). stau-1(⌬dsRBD2) and stau-1(⌬dsRBD4) single mutants are homozygous viable and have no gross morphological defects. Because both mutations delete only one dsRBD, and no single dsRBD is required for RNA binding, these mutants probably are not null alleles.
We also attempted to analyze STAU-1 function via RNAi. Wild-type and both stau-1 mutants were either fed or injected with dsRNA corresponding to four different regions of the stau-1 transcript. In addition, we attempted RNAi in eri-1(mg366) mutants and animals expressing a sid-1 transgene, backgrounds that both increase the efficiency of RNAi (53, 54) . None of these methods significantly reduced the level of stau-1 mRNA by qRT-PCR, so RNAi was not further pursued.
stau-1 Is Expressed Throughout Development-We next examined stau-1 expression during development. We first analyzed its mRNA. Total RNA was extracted from wild-type animals at multiple developmental stages and used for qRT-PCR with primers specific to stau-1 mRNA. stau-1 mRNA was present during each stage of development (Fig. 3B) . Embryos expressed more than twice as much stau-1 mRNA compared with any other stage. All mRNA levels were normalized to the endogenous genes ama-1 (RNA polymerase II) and rps-25 (ribosomal subunit) (55, 56) , which both produced RNAs that were constant at all stages of development.
STAU-1 protein levels were analyzed using an antibody raised against a 22-amino acid peptide within dsRBD4 (residues 500 -521) (Fig. 3A) . This antibody was specific for endogenous STAU-1 (Fig. 3C) . In wild-type lysate, a single major band of ϳ85 kDa, similar to the predicted molecular mass of STAU-1 protein, was detected via Western analysis. In stau-1(⌬dsRBD2) lysate, the antibody detected a protein smaller than wild-type, indicative of a mutant protein. No protein was detected in stau-1(⌬dsRBD4) lysate because the target epitope is deleted in that mutant (Fig. 3C) .
We used the STAU-1 antibody on proteins isolated from wild-type animals at each developmental stage and found that STAU-1 protein was expressed at similar levels (Fig. 3D) . In comparison, stau-1 mRNA was slightly more abundant in embryos than in later stages. However, both the protein and mRNA are present and persist throughout development.
Identification of STAU-1-associated mRNAs-To identify mRNAs physically associated with STAU-1, we immunoprecipitated endogenous STAU-1 from wild-type adult lysate (WT IP) and extracted the RNA, which was then linearly amplified and hybridized to Affymetrix C. elegans genome arrays for each of three biological replicas (Fig. 4A ). For comparison, we used two controls: an IP with preimmune sera from wild-type adult lysate (Preimmune IP) and an IP with ␣-STAU-1 antibody from stau-1(⌬dsRBD4) adult lysate (Mutant IP; Fig. 4A ). As expected, STAU-1 protein was immunoprecipitated only in the wild-type strain and only by the STAU-1 antibody (Fig. 4B) . After normalization and log transformation (see "Experimental Procedures"), the mean signal intensity for each probe was plotted for all three samples. As expected, the WT IP sample exhibited an overall increase in mean signal intensity compared with the control IPs (Fig. 4C) , suggesting an enrichment of RNA in the IP sample over the negative controls.
To determine which transcripts were reproducibly enriched in the WT IP sample compared with the control IPs, we analyzed our microarray data using the SAM program. SAM determines differential intensities between samples for each probe set by calculating a test statistic (SAM score) and false discovery rate (57). We used SAM for two comparisons: 1) WT IP versus mutant IP and 2) WT IP versus preimmune IP (Fig. 4A ). Those transcripts that had the highest SAM score and were at least 4-fold enriched in the IP compared with the controls identified 1,295 transcripts for comparison 1 and 965 transcripts for comparison 2 (supplemental data sets 2 and 3). Overlap between the two sets resulted in 418 transcripts, which we deemed to be STAU-1-associated mRNAs (Fig. 4D and supplemental data set  1) . By overlapping the two data sets, we may have discarded genuine STAU-1 targets, but we increased confidence that those we had identified were genuine. We considered that nonspecific association after lysis could result in mRNAs that would appear to be STAU-1 targets (58). To test this possibility computationally, we compared the list of 418 mRNAs with the 100 most abundant mRNAs present in wild-type young adults according to SAGE data (59). Only two STAU-1-associated transcripts were among the most highly expressed.
We next tested whether 10 transcripts enriched in the WT IP microarrays were also enriched by RT-PCR or qRT-PCR. As expected, each transcript was detected in the WT IP sample but was barely detectable in the control IPs (Fig. 5A and supplemental Fig. S4 ). M05B5.3 mRNA served as a negative control; it possesses predicted RNA secondary structure and was detected in the input samples but not in the IPs. The M05B5.3 transcript is a characterized target of the dsRNA-binding protein, ADAR (60) . An abundant message, act-1, served as a loading control and positive control for the RT-PCR (Fig. 5A) . Thus, these data validated the IP microarray findings. We conclude that the 418 transcripts comprise a likely set of RNAs associated with STAU-1.
We used DAVID to identify functional relationships among our list of STAU-1 associated mRNAs. DAVID offers functional annotation tools to identify biological themes or gene ontology (GO) terms from lists of genes (61) . DAVID identified many biological themes among our list of STAU-1 targets. These included embryonic, larval, and reproductive development ( Fig. 5B and supplemental data set 1) . These are consistent with Staufen's previously characterized role in developmental patterning in Drosophila oocytes and embryos (32, 33, 62) .
Comparison of Staufen-associated mRNAs Across SpeciesFuric et al. (42) identified transcripts associated with one isoform of human STAU1 (hSTAU1 55 ) and two isoforms of human STAU2 (hSTAU2 59 and hSTAU2 62 ). HA-tagged versions of all three proteins were transfected into HEK293T cells (naturally expressing STAU1 and STAU2 endogenously), and associated mRNAs were identified by RIP-Chip (42). Although (lane 4, top) . ␣-Actin served as a loading control for the inputs (lanes 1 and 4, bottom) . C, the log mean intensity for each microarray probe (x axis) was determined for preimmune IP (blue line), mutant IP (green line), and WT IP (red line) and plotted against the proportion of probes (y axis) with a given mean intensity. Overall, the WT IP has enriched signal intensity compared with the control IPs (blue and green lines). D, we compared WT IP with preimmune IP and compared WT IP with mutant IP and determined which transcripts had the highest SAM rank and were at least 4-fold enriched in the WT IP. Transcripts meeting these criteria from each comparison overlapped, resulting in 418 common STAU-1-associated mRNAs.
all three human proteins are similar, they associated with distinct sets of mRNAs. Of the ϳ1,000 mRNAs associated with hSTAU1 55 , several mRNAs were analyzed to identify a stemloop similar to one within Arf1, a characterized hSTAU1 target. No stem-loop structure was identified, and no further analysis of RNA structure was pursued (42) .
The STAU-1-associated mRNAs we identified do not overlap in a statistically significant fashion with those associated with human Staufen. Those instances of overlap we detect are compiled in supplemental Table S1 . In addition, major GO terms associated with the human Staufen targets include cellular metabolism and cellular processes (42) and are not similar to the GO terms associated with C. elegans STAU-1 targets. We note that our studies analyzed STAU-1-associated RNAs in whole animals containing a wide array of cell types, whereas the human proteins were analyzed in a cultured cell line. Thus, the biological meaning of the apparent differences in the targets of the human and worm proteins is uncertain.
Structural Predictions Using STAU-1-associated mRNAsBecause STAU-1 preferentially bound dsRNA, we asked 
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whether the STAU-1-associated mRNAs possessed conspicuous structural elements. Most Staufen mRNA targets identified in other organisms require the 3Ј-UTR for Staufen association (5, 33, 36, 63) . We analyzed all 3Ј-UTR sequences that were annotated (363 sequences) from our list of STAU-1-associated mRNAs, along with a random selection of C. elegans mRNAs, and folded the sequences using the Mfold structure prediction algorithm (64) . Using the Gibbs free energy (⌬G) as a gauge for RNA secondary structure, we found that the 3Ј-UTRs of STAU-1-associated mRNAs contained more stable structures than the 3Ј-UTRs of a random set of mRNAs, and this difference was statistically significant (STAU-1 3Ј-UTRs, ⌬G ϭ Ϫ43.4 kcal/ mol; random 3Ј-UTRs, ⌬G ϭ Ϫ25.7 kcal/mol; unpaired t test, p Ͻ 0.0001; supplemental data set 4). However, not all STAU-1-associated mRNAs contained dramatic structural elements in their 3Ј-UTRs. We also examined STAU-1-associated 5Ј-UTR sequences and detected no major structure. For those RNA targets that appear to lack structure, STAU-1 may bind via double-stranded structures outside the 5Ј-and 3Ј-UTR or via trans-acting RNA molecules. Alternatively, proteins bound to the RNA may recruit Staufen indirectly.
Effect of STAU-1 on Transgene Expression-While using transgene reporters to probe Staufen function, we observed effects on transgene expression. Mutants in the RNAi pathway, including eri-1 and rrf-3, silence transgene expression (53, 65) , and we observed a similar phenotype in both stau-1 mutants. The qIs43 reporter transgene is stably integrated in the genome and is linked to a rol-6 dominant marker. The rol-6 marker is a mutant form of the gene that is commonly used to identify animals that express the transgene because it causes animals to roll when they move (66) . The qIs43 transgene was crossed into stau-1(⌬dsRBD2) and stau-1(⌬dsRBD4) backgrounds to test whether STAU-1 affects transgene expression. We assayed the "rolling" phenotype of progeny from stau-1 homozygotes, heterozygotes, and wild-type parents. 79 -92% of progeny from wild-type strains containing the qIs43 transgene have the "rolling" phenotype, indicative of transgene expression. However, only 2% of stau-1(⌬dsRBD4) and 38% of stau-1(⌬dsRBD2) animals exhibit the "rolling" phenotype (Table 1) . Therefore, the stau-1 mutations inhibited expression of the transgene as demonstrated by suppression of the rol-6 marker. Because this transgene silencing phenotype is shared by mutants in the RNAi pathway, we pursued whether STAU-1 had any other connections to RNAi factors.
stau-1 Mutations Enhance Exogenous RNAi-To further examine the possible association between STAU-1 and RNAi, we compared the effect of stau-1(⌬dsRBD2) and stau-1(⌬dsRBD4) mutants on RNAi to those of eri-1(mg366), a well characterized RNAi mutant. (ERI-1 protein is a ribonuclease in the endogenous RNAi pathway (50)). The eri-1 mutation causes increased RNAi sensitivity when dsRNA is externally supplied and therefore displays an "enhancer of RNAi" phenotype (Eri). For example, eri-1 mutations improve RNAi efficiency and lead to robust gene silencing and severe mutant phenotypes after exposure to exogenous RNAi (53) . We tested the RNAi sensitivity of stau-1(⌬dsRBD2) and stau-1(⌬dsRBD4) animals by feeding the strains bacteria expressing dpy-13 or lir-1 dsRNA (53). Wildtype and eri-1(mg366) were used as controls. -1(⌬dsRBD2), stau-1(⌬dsRBD4) , and eri-1(mg366) animals after no RNAi (A-D), dpy-13(RNAi) (E-H), and lir-1(RNAi) (I-L). Both stau-1(⌬dsRBD2) and stau-1(⌬dsRBD4) exhibit enhanced RNAi phenotypes compared with wild-type. eri-1(mg366) was used as a positive control. Plus signs indicate the severity of the dpy-13(RNAi) phenotype: ϩ indicates mildly dumpy, whereas ϩϩϩϩϩ indicates extremely dumpy. Percentages indicate the degree of lethality after lir-1(RNAi), and n signifies the number of total animals that were scored. Animals were considered "dead" if the pharynx was no longer pumping. Animals that no longer moved but still had a functioning pharynx were scored as "alive."
TABLE 1 stau-1 mutants suppress transgene expression
At least 20 animals were scored from each plate, and the roller phenotype was scored blindly, without regard to parental genotype.
Genotype of parent
Percentage of roller progeny a % stau-1(⌬dsRBD4);qIs43 ⌬dsRBD4/⌬dsRBD4 2 (n ϭ 8) ⌬dsRBD4/ϩ 54 (n ϭ 13) ϩ/ϩ 92 (n ϭ 6) stau-1(⌬dsRBD2);qIs43 ⌬dsRBD2/⌬dsRBD2 38 (n ϭ 8) ⌬dsRBD2/ϩ 73 (n ϭ 11) ϩ/ϩ 79 (n ϭ 6) a n indicates the number of plates.
In eri-1(mg366) animals, dpy-13(RNAi) results in shortened body length (dumpy), and lir-1(RNAi) causes larval lethality. In contrast, wild-type animals subjected to dpy-13(RNAi) or lir-1(RNAi) are largely unaffected (53, 67) . Both stau-1 alleles displayed a more prominent dumpy phenotype than wild-type after dpy-13(RNAi), although less extreme than with eri-1(mg366) (Fig. 6) . Similarly, the stau-1 alleles caused increased larval lethality after lir-1(RNAi) compared with wild-type but less than eri-1 (wild-type ϭ 9%, stau-1(⌬dsRBD4) ϭ 49%, stau-1(⌬dsRBD2) ϭ 37%, and eri-1(mg366) ϭ 81% larval lethality;  Fig. 6 ). In summary, we found that both stau-1 mutant alleles are more sensitive to dpy-13(RNAi) and lir-1(RNAi) compared with wild-type. (The strains tested did not contain mut-16 mutations, which are present in many "wild-type" C. elegans backgrounds and cause alterations in RNAi sensitivity (43) .) These results suggest that mutations in stau-1 enhance RNAi effectiveness and are therefore considered Eri.
stau-1(⌬dsRBD2);eri-1(mg366) Double Mutants Exhibit Synthetic Germ Line Defects-To test whether stau-1 interacts genetically with eri-1, we crossed the eri-1(mg366) mutation into both stau-1 mutant backgrounds. At 20°C, eri-1(mg366), stau-1(⌬dsRBD2), and stau-1(⌬dsRBD4) single mutants are self-fertile. The germ line morphology of stau-1(⌬dsRBD2) and stau-1(⌬dsRBD4) single mutants was similar to that of wildtype. However, we observed a small number of germ line abnormalities (7%) in eri-1(mg366) single mutants, which mostly consisted of unfertilized oocytes in the uterus (Fig. 7B) . These results are consistent with earlier reports of defective sperm function associated with the eri-1(mg366) strain (67). Differential interference contrast microscopy of stau-1(⌬dsRBD2);eri-1(mg366) adults revealed severe defects, including uterine masses, abnormal oocyte morphology, and undefined or immature germ lines (Fig. 7A) . Overall, 24.1% of gonad arms examined displayed an abnormality (Fig. 7B) . However, only 3.7% of stau-1(⌬dsRBD4);eri-1(mg366) double mutants exhibited similar phenotypes (Fig. 7B) . The disparate penetrance in the double mutants may reflect that the STAU-1 dsRBDs have slightly different functions. Nonetheless, stau-1(⌬dsRBD2);eri-1(mg366) mutants displayed germ line phenotypes that were distinct from either of the single mutants.
DISCUSSION
We describe the biochemical and genetic characteristics of C. elegans STAU-1. Our studies establish that STAU-1 preferentially binds dsRNA with high affinity and that dsRBD1, -3, -4, and -5 are not required for binding RNA (⌬dsRBD2 could not be tested). The endogenous protein associates specifically with at least several hundred mRNAs. In addition, stau-1 mutants exhibit phenotypes that suggest they affect the RNAi pathway.
Most protein-RNA analyses with dsRNA-binding proteins have focused on individual dsRBDs (4, 12) , but analysis of intact protein allows a more comprehensive understanding of RNA specificity. Full-length STAU-1 bound dsRNA with high affinity and preferentially bound dsRNA (Fig. 2, B-E) . Because fulllength Drosophila Staufen is insoluble, its RNA binding has not been assayed in vitro (36) . However, full-length human Staufen also appeared to discriminate RNA structure, not sequence (52) . We find that full-length STAU-1 binds multiple double-stranded RNAs, with affinities that correlate well with the stability of the stem (Fig. 2E) . In contrast, STAU-1 does not exhibit dramatic sequence specificity with single-stranded RNAs (Fig. 2F) .
We found that at least two domains of STAU-1 probably bind dsRNA with high affinity, because deletion of any one dsRBD did not prevent dsRNA binding ( Fig. 2G ; domain 2 could not be tested). In Drosophila Staufen, domains 1, 3, and 4 bound dsRNA in vitro, whereas domains 2 and 5 did not (4) . The analogous dsRBDs in STAU-1 may act similarly.
We identified mRNAs that associate with endogenous STAU-1 protein. Overall, our list of STAU-1-associated FIGURE 7. stau-1(⌬dsRBD2);eri-1(mg366) exhibit synthetic germ line defects. A, stau-1(⌬dsRBD2);eri-1(mg366) double mutants display defects, including uterine masses, abnormal oocytes, and undefined or immature germ lines when grown at 20°C. Arrowheads indicate the position of the vulva. Brackets indicate the uterus. Arrows point to oocytes. The dotted line denotes the compartmentalization of the germ line. In wild-type adults, the uterus contains embryos (i), whereas in some stau-1(⌬dsRBD2);eri-1(mg366) adults, the uterus is filled with an amorphous mass (ii). In wild-type adults, the oocytes are of uniform shape (iii), whereas some stau-1(⌬dsRBD2);eri-1(mg366) adult animals have misshapen oocytes (iv). The wild-type germ line is tubular and well structured (v), whereas some stau-1(⌬dsRBD2);eri-1(mg366) germ lines are immature and do not contain oocytes (vi). B, quantification of defects in single and double mutant strains. n indicates the number of gonad arms that were examined for each strain. Hermaphrodites possess two gonad arms.
mRNAs contains a statistically significant enrichment of structured RNAs compared with a random sample, although not all contained conspicuously structured 3Ј-UTRs (supplemental data set 4). Our RIP-Chip conditions did not require direct STAU-1-mRNA interactions, so we probably isolated direct as well as indirect protein-RNA complexes. Several Staufen mRNA targets that have been biologically validated do contain structured 3Ј-UTRs, such as bicoid from Drosophila and Arf1, a SMD target in mammals (5, 33) . However, few Staufen-mRNA interactions have been verified in vivo (33, 36) . Our results raise the possibility that a structured 3Ј-UTR may not be a requirement for Staufen association.
stau-1 mutants exhibit phenotypes that suggest STAU-1 impacts the RNAi pathway (Figs. 6 and 7) . STAU-1 binds dsRNA of any sequence (Fig. 2B) , and dsRNA is present at multiple steps during RNAi. ADAR is a dsRNA-binding protein that counteracts RNAi by binding and editing structured RNAi substrates (68) . In plants, RNAi is used as an antiviral response, but plant viruses can temper this response by expressing dsRNA-binding proteins that sequester RNAi intermediates (69, 70) . We suggest that although STAU-1 is not a primary component in RNAi, the overlap of a common substrate may cause alterations in the RNAi pathway in stau-1-defective animals. This may account for the transgene silencing (Table 1) and Eri phenotype (Fig. 6 ) associated with stau-1 mutants. However, STAU-1(⌬dsRBD4) protein still binds RNA in vitro (Fig. 2G) ; thus, alterations in binding may not be responsible for the phenotypes associated with this genetic mutant.
We suggest three speculative possibilities for how STAU-1 may interact with those mRNAs that lack conspicuous secondary structures. First, STAU-1 may recognize secondary structures formed by more than one RNA molecule. For example, a Drosophila Staufen target, bicoid, contains a 3Ј-UTR that dimerizes to form more complex structures (35) , and transacting RNAs nucleate assembly of mammalian STAU1 in one instance (71) . Alternatively, Staufen could bind an imperfectly structured (or even single-stranded) RNA element that escaped our computational detection. Finally, STAU-1 may associate with mRNAs via protein partners. Further studies now are required to better understand how C. elegans STAU-1 associates with its RNA targets and to reveal the protein's biological consequences.
Supplemental Figure S1 . Sequences as determined by RT-PCR, 5' RACE, and 3' RACE. The 5' and 3' ends of stau-1, F55A4.4, and F39E9.7 were determined by RACE. Exon and intron boundaries were determined by RT-PCR using gene-specific primers. Figure S2 . SDS PAGE of purified proteins used in Electrophoretic Mobility Shift Assays (EMSA). Proteins were purified as described in Materials and Methods. 1-5 ug of purified protein were loaded on a 4-12% SDS gel and stained with Coomassie Brilliant Blue. Major bands correspond to the predicted size of the proteins. Table S1 . 
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